Figure 1. Stereoview Superposition of the 22 Final Structures Calculated by Simulated Annealing
The structures are overlaid on the backbone (C ␣ , C, N) atoms of residues 2128-2129, 2134-2135, 2139-2141, 2143-2145, 2148-2150, 2153-2171, 2175-2178, 2180-2186, and 2188-2204, which were selected based on their backbone dynamics (see Experimental Procedures). Root-mean-square deviations from all distance constraints (1367) and from experimental φ restraints (36) are 0.023 Ϯ 0.002 Å and 0.418 Ϯ 0.088Њ, respectively. Deviations from idealized covalent geometry are 0.003 Ϯ 0.0001 Å (bonds) 0.614 Ϯ 0.010Њ (angles) and 0.328 Ϯ 0.013Њ (impropers). The backbone of the average minimized structure is highlighted by a yellow ribbon.
Results and Discussion
33, as shown in Figure 2 . The main interaction involves the side chains of Tyr 2157 with Gly 2186 and the two methyl groups of Ile 2185. The key role of Tyr 2157 is Structure of the cbEGF Domain Pair striking, since conservation of an aromatic residue at The structure determination of the thirty-second and this position was previously noted (Campbell and Bork, thirty-third cbEGF domains from human fibrillin-1 (fib32-1993), but the participation of this residue in pairwise 33) was based on a total of 1351 nuclear Overhauser domain interactions was not known. effect (NOE)-derived interproton distance constraints,
The structures are overlaid in Figure 1 , based on the 36 backbone φ torsion angle constraints, and 16 conbackbone coordinates of 60 residues, as described in straints for calcium ligation (see Experimental Prothe figure legend and in Experimental Procedures. The cedures). The primary structure of the EGF domain is root-mean-square deviation to the unminimized average principally defined by six cysteines, known to disulcoordinates is 0.69 Ϯ 0.24 Å for backbone (C ␣ , C, N) phide-bond in a 1-3, 2-4, 5-6 pattern (Campbell and atoms and 0.95 Ϯ 0.22 Å for all heavy atoms of these Bork, 1993) . The fold has no well-defined hydrophobic residues. The program mod2 (Bork et al., 1996) was used core (Hommel et al., 1992 ). An exceptionally high number to measure the tilt and twist angles for each member of of interproton interactions has been observed for this the ensemble, which are 18 Ϯ 6Њ and 159 Ϯ 6Њ, respecpair, compared with data recorded on isolated domains, tively. This is in sharp contrast to the orientation of the due in part to stabilization of the N-terminus of domain two domains in factor IX crystals, which are related by 33 by calcium ligation (see below). A direct correlation tilt and twist angles of 132Њ and 47Њ. The conformation has been demonstrated between the number of conalso differs substantially from the 110Њ tilt angle obstraints per residue and the quality of the nuclear magserved for the EGF pair from factor IXA (Brandstetter et netic resonance (NMR)-derived structure, which indial., 1995) . cates that this structure, calculated with more than 17
Each domain is individually very well defined, with constraints per residue, is of relatively high resolution backbone (C ␣ , C, N) root-mean-square deviations to the (Clore and Gronenborn, 1991) . The 22 final structures unminimized average coordinates of 0.46 Ϯ 0.15 Å and shown in Figure 1 were selected based on agreement 0.31 Ϯ 0.10 Å for the N-and C-terminal domains, respecwith the experimental data, with no NOE violations tively. The tertiary folds of the two domains, comprising greater than 0.3 Å and no torsion angle violations greater major and minor double-stranded ␤-sheets, are globally than 3Њ. similar ( Figure 3 ). However some of the inter-cystine The two domains are orientated in a near-linear arloops vary in length and conformation. The most notable rangement, which is stabilized by calcium ligation of the differences are observed first in the vicinity of the helix-C-terminal domain and interdomain hydrophobic packlike turn linking the first and second cystines, in which ing interactions. A conserved aromatic residue at the each domain has a proline but in different positions; and open end of the minor ␤-sheet of cbEGF domain 32 second, in the orientation of the minor ␤-sheet, which is influenced by interdomain packing. Unusually, this packs against the end of the major ␤-hairpin of domain to imperfections in the experimental structure determination. The reason for the approximate 25-fold difference in calcium affinity observed for the binding sites in the N-and C-terminal domains (Knott et al., 1996) is also unclear. Structural and mutagenesis data for homologous cbEGF domains (Persson et al., 1989; Handford et al., 1990 Handford et al., , 1991 Mayhew et al., 1992) suggest that the calcium (Ca 2ϩ ) atom in each domain is chelated by the same number of ligand oxygens in a similar arrangement. Hence, it is unlikely that the difference in Ca 2ϩ binding affinity at the two sites (N and C) is intrinsic to each isolated repeat. No ligand is donated from one domain to the next, as in the factor IX crystal packing, so this cannot be an explanation. The different affinities could, however, arise from shielding of the calcium ion from solvent and provision of a better defined binding site by the interdomain interface. To help resolve these questions, we measured backbone 15 N longitudinal (T 1 ) and transverse (T 2 ) relaxation rates for fib32-33 (see Experimental Procedures). Qualitatively, T 2 values provide a measure of the backbone mobility of NH bonds relative to the overall tumbling rate of the protein in solution on a nanosecond-millisecond time scale.
The T 2 values for residues near the N-terminus (data not shown) are much more variable than for the corresponding residues in the C-terminal domain. The first three residues have a longer T2, owing to extensive motion, but several other residues, including Ca 2ϩ ligands, have shorter T2 values, indicating exchange between conformations on the millisecond time scale. These data suggest that the N-terminal Ca 2ϩ binding site is not main- average. These data support a model in which the calcium maintains the rigidity of the interdomain linkage. "␤-sheet" is distorted by a proline in the C-terminal A hinge-like motion between the two domains is not domain.
suggested by the 15 N relaxation data, and the small varia-A sequence alignment of cbEGF domains of known tion in interdomain angles for the pair is probably due structure is shown in Table 1 . A constant number of to uncertainties in the structure determination. residues is observed between the third Cys and the conserved aromatic residue between the 5-6 disulphide. We will refer to this region as the "EGF core,'' shown Sequence Analysis of cbEGF Pairs: Two Possible Conformations? shaded in Table 1 , which comprises the major ␤-sheet of the EGF fold for these proteins. The loops connecting
To investigate the degree of conservation of the packing interactions observed in the fib32-33 pair, we extracted Cys residues 1-2, 2-3, and 5-6 are variable; it is probable that the differences in turn length and composition are the sequences of 250 EGF-cbEGF and cbEGF-cbEGF pairs from the Swissprot database (see Experimental relevant to the specificity of EGF domain interactions. The known structures were overlaid based on the backProcedures). Analysis of the pairs indicated that they can be divided into two distinct classes, based only on bone coordinates of the EGF core, and the backbone root-mean-square deviations for the structures are the number of residues (one or two) linking the two domains. The proteins containing these pairs are divided given in Table 1 . The two domains of the fib32-33 pair are the most dissimilar, reflecting the change in conforaccording to the number of link residues in Table 2 . Connective tissue proteins (fibrillin-1,2, fibulins) are not mation of the major ␤-sheet, due to interdomain packing (see Figures 2 and 3) .
in the same class as products of the neurogenic loci (Notch, Serrate, Delta). Generally, in each individual protein containing multiple tandem repeats of the consenDynamics of the cbEGF Domain Pair and the Role of Calcium Binding sus EGF-cbEGF sequence, only pairs of one class are observed; this implies that domain-domain interactions There is a slight (Ϯ 6Њ) variation in interdomain angles across the family of 22 structures, calculated from the are usually homogeneous within an individual protein.
An exception is protein S, which contains a sequence NMR data. This could be due to a hinge-like motion or The two domains were superposed on the coordinates of the EGF core (see Table 1 ) and displaced along the x-axis. Disulphide bonds are shown in yellow. Note that the loop connecting the first two cystines is helical in domain 33. The conformations of the major and minor ␤-strands differ owing to domaindomain packing. This figure was rendered (Merritt and Murphy, 1994) from MOLSCRIPT (Kraulis, 1991) input.
of four EGF domains (EGF-cbEGF-cbEGF-cbEGF) with the length of the loop connecting the 5-6 disulphide. This may be important in determining different pairwise two link residues between domains 1-2 and one link residue between domains 2-3 and 3-4 (Dahlbä ck et al., domain interactions in the two classes. Intriguingly, a conserved carboxylate-carboxyamide side chain is ob-1986).
Sequence alignment of the two classes of pairs was served in Class II at the position of the ligand donated from the N-to C-terminal domain in the crystal structure used to generate the consensus sequences shown in Figure 4 (see Experimental Procedures). The glycine resof the cbEGF domain from factor IX. These alignments strongly suggest that the Class II pairs are likely to adopt idue involved in domain-domain packing (equivalent to Gly 2186 in the fib32-33 pair) forms part of the consena different conformation. It is possible that in Class II pairs, a ligand will be donated from the N-to C-terminal sus sequence for Class I, but not for Class II. This observation is consistent with our hypothesis that the strucdomain, as observed in the factor IX cbEGF crystals. This hypothesis will be tested by structural studies of ture of the fib32-33 pair is typical of those pairs containing a single link residue. A striking feature of the other EGF pairs. Class I and Class II consensus pairs is the difference in Keene, 1994; Dietz and Pyeritz, 1995) . Approximately factor X DGDQC EGHPCLNQGHCKDGIGDYTCTCAEGF EGK NC two-thirds of fibrillin-1 is comprised of cbEGF domains (Pereira et al., 1993; Corson et al., 1993 nomer. This replaces a previous model of this region fibrillin-1, 2 (human) Notch (Drosophila), Xotch based on the crystal packing of the factor IX cbEGF (Xenopus) domain ( Figure 5 ; Handford et al., 1995) . However, we fibulin-1 (A, B, C, D), fibulin-2 Delta, Serrate (Drosophila) predict that this earlier model may still be relevant for (human, mouse) the organization of Class II proteins containing multiple TGF ␤1-bp (human, rat) Crumbs (Drosophila) tandem repeats of cbEGF domains ( combined with electron microscopy data and the gene Uromodulin (human, rat) structure of human fibrillin-1 (Figure 6 ), suggests that the linear arms between beads comprise extended regions of multiple tandem repeats of cbEGF domains. The molecular organization of wild-type and mutant-
Implications for Connective Tissue
The length of the 43 cbEGF domains, according to the containing connective tissue microfibrils has been exdimensions of the fib32-33 model, is approximately 120 amined by electron microscopy. Wild-type microfibrils nm. Assuming that the 8-cysteine and hybrid repeats have a periodic beaded appearance with well-defined are globular (with a diameter of approximately 2-3 nm), boundaries (reviewed in Dietz and Pyeritz, 1995; we suggest that the extended monomer spans two inand Keene, 1994). Pepsin digestion of tissues rich in terbead regions. Our results, taken together with antimicrofibrils produce rod-shaped fragments and beads body labeling data, which showed that two different surrounded by linear "arms" (Maddox et al., 1989) .
antibodies labeled microfibrils with the same periodicity Calcium plays an important role in maintaining micro- (Sakai et al., 1991) , imply that within the microfibril, fibril structure. The interbead region of microfibrils cbEGF domains of fibrillin monomers are organized in isolated from Marfan cell lines that contain mutations a parallel, staggered arrangement with 50% overlap altering calcium-binding residues in EGF domains are ( Figure 6 ). Our model predicts that the removal of calrelatively diffuse in electron micrographs, similar to cium from the microfibril will reduce the interbead diswhen they have been treated to remove calcium (Kielty tance, due to increased flexibility of the cbEGF interdoet al., 1993; Handford et al., 1995) . These data support main linkage. This may be one explanation for the a model for microfibril assembly in which the cbEGF reported variation in interbead domain length (Keene domains are the major structural component of the inet al., 1991) . These considerations and this model are compatible with the length (148 nm) of purified fibrillin terbead region. Table 2 and Experimental Procedures.) Residues involved in domain-domain packing in the fib32-33 pair are represented by closed circles. The conserved asparagine that could participate in interdomain calcium ligation in Class II pairs is highlighted by an asterisk. While an N-terminal calcium binding site is observed in more than 60% of the Class I pairs, only the Asp/Asn, which participates in an ASX turn, is highly conserved in the Class II pairs.
Figure 5. Models of Human Fibrillin-1 Calcium Binding EGF-like Domains 32-36
The model shown in green was constructed using the coordinates of the fib32-33 pair (see Experimental Procedures). In yellow is shown the model previously proposed for domains 32-36, based on the crystal packing of the calcium binding EGF-like domain from human factor IX Handford et al., 1995) . The length of the revised model (green) is more than two times that of the earlier model (yellow).
monomers (Sakai et al., 1991) , which is likely to be a mutations that disrupt interdomain packing from those that alter intermolecular interactions. All reported mutaconservative measurement, since EDTA was used in the purification.
tions can be classified into three groups, according to their effects on disulphide bond formation, calcium bindHow might such an assembly be stabilized? It has been proposed, based on the free sulphydryl content of ing, and intra-or intermolecular interactions. The consequences of the first two types are relatively fibrillin monomers, that intermonomer disulphide crosslinks could exist (Sakai et al., 1991) . Recent identification simple to interpret. Mutation of a conserved cysteine probably causes domain misfolding. Altering a Ca 2ϩ conof a disulphide cross-link between TGF␤1 binding protein and TGF␤ mediated by an 8-cysteine repeat (Saharisensus sequence residue is likely to result in reduced calcium affinity and destabilizes nen et al., 1996) gives credence to this proposal. However, comparison of the calcium coordination in the the cbEGF domain linkage. Of the mutations in the remaining group, two involve changes to cysteine (fibrilfibrillin cbEGF pair to that in the factor IX cbEGF domain crystals suggests another mode of stabilization: in lin-1: R627C and R2680C) and are likely to cause formation of nonnative disulphide bonds, or intermolecular fib32-33, calcium is coordinated by six oxygen atoms, an incomplete pentagonal bipyramid; hence, the possicross-links, or both. Mutation of the glycine in the position that is involved in domain-domain packing in the bility exists that another monomer donates an additional ligand in a cross-strand fashion. Moreover, ␤-hydroxylafib32-33 structure (fibrillin-1: G2627R; LDLR: G322S) is predicted to alter pairwise cbEGF domain interactions. tion, a posttranslational modification of unknown function associated with cbEGF domains (Stenflo, 1991) , Like the fibrillin-1 R1137P mutation (Wu et al., 1995) , other changes involving glycine or proline (LDLR: which has been shown to occur in fibrillin (Glanville et al., 1994) , could also contribute to the stability of the G314S; fibrillin-1: G1127S, P1148A) may compromise the cbEGF domain fold. The remaining and potentially fibrillin complex. The ␤-hydroxyl groups of modified Asp/Asn residues in the calcium-binding consensus semost interesting class of mutations (fibrillin-1: R1170H; LDLR: D321E; protein S: K155E, E208K) fall in variable quence of fibrillin cbEGF domains would be exposed, based on the fib 32-33 structure, and could participate loop regions. Since there is no obvious structural explanation for these mutations producing the disease phein intermolecular hydrogen bonds.
notype, it is likely that they provide the first clues to the surface or surfaces of the EGF domain engaged in Mutations Implicated in Disease protein-protein interactions. In previous studies, the consequences of fibrillin, LDLR, and protein S mutations could only be evaluated in terms of the structure of the isolated cbEGF domain (Rao et Conclusions This structure determination of a covalently linked pair al., 1995; Dietz and Pyeritz, 1995) . It is now possible, with knowledge of the fib32-33 structure, to distinguish of cbEGF domains has given new insight into the role The domain structure of human fibrillin-1 (Pereira et al., 1993 ) is shown on top, and the model for the organization of fibrillin monomers within connective tissue microfibrils is shown below. The position of the cbEGF domains (32-36) shown in Figure 6 is highlighted. In the model, fibrillin monomers are shown as arrows. The monomers are arranged in a parallel, staggered, head-to-tail arrangement, with N-and C-termini in the "bead" regions (shaded). The dimensions of the fib32-33 pair, combined with the results of antibody labeling data (Sakai et al., 1991) , suggest that the extended fibrillin monomer spans two interbead regions with 50% overlap, as shown. The inverted Ys denote the position within each monomer of a putative antibody binding site. lesterolemia. The structure, together with a sequence
The program NMRView (Merck and Co., Inc.) was used to assist analysis, suggests a new classification of proteins conwith NOE assignment, based on proton chemical shifts, and quantitaining multiple tandem repeats of cbEGF domains, with tation of crosspeak intensities. These intensities were converted to three generous categories of distance constraints, 2.8 Å , 3.5 Å , and fibrillin in one class and Notch in the other.
5.5 Å , to compensate partially for spin diffusion effects and motional averaging. A total of 495 intraresidue (|i-j| ϭ 0), 335 sequential Experimental Procedures (|i-j| ϭ 1), 154 short-range (1 < |i-j| р 4 ), 275 long range (|i-j| > 4), and 92 ambiguous NOE derived distance constraints were used in Protein Expression structure calculations. Fibrillin cbEGF domains 32 and 33 comprise residues 2124-2205
The EGF domain fold contains no hydrophobic core; hence, backbone torsion angle constraints are particularly important for defining of human fibrillin-1 (Pereira et al., 1993) . Cloning, expression, and its solution structure. High resolution 3 JHNH␣ coupling constants were preliminary characterization of this domain pair has been reported determined using two methods, line shape fitting to one-dimensional previously (Knott et al., 1996) . traces extracted from a 15 N-1 H HMQC-J spectrum (Kay and Bax, 1990) For each calcium atom, 6 NOE constraints were included to ligand concentrations, in the absence of additional salt, both Ca 2ϩ binding oxygens defined by the factor IX crystal structure and mutagenesis sites of the pair were deemed saturated, based on the chemical studies , Handford et al., 1991 . Ca-O distances shifts of aromatic ring protons, which were used to monitor calcium observed in the crystal structure ranged from 2.24-2.53 Å ; in these binding (Knott et al., 1996) . Felix 2.3 (Biosym, Inc.) was used to calculations, the calcium-oxygen distance was constrained to lie in process the NMR data. Initial sequential assignments were made the range 2.2 Å < d Ca-O < 2.6 Å . In the factor IX crystal structure, a based on comparison of homonuclear two-dimensional NOESY hydrogen bond was observed between the carboxylate side chain (Jeener et al., 1979; Macura et al., 1981) , HOHAHA (Aue et al., 1976;  of the second consensus calcium-binding residue and the amide Brown et al., 1988) and COSY (Braunschweiler and Ernst, 1983 ; Bax proton of the following cystine, forming an ASX turn. In order to and Davis, 1985 ) spectra recorded at 30ЊC and 35ЊC at field strengths maintain the correct geometry of the calcium-binding site, side of 500, 600, and 750 MHz, as described previously (Knott et al., chain-backbone hydrogen bond constraints between Asp 2129-Cys 1996). These assignments were confirmed and completed using 2131 and Asp 2168-Cys 2170 were also included. Each hydrogen comparison of strips extracted from within the amide region of a bond was restrained using two distance constraints, dO-N ϭ 3.0 Ϯ 0.3 Å and dO-HN ϭ 2.0 Ϯ 0.3 Å . gradient-enhanced 15 N-separated NOESY spectrum (Kay et al.,
A total of 1387 NMR derived constraints were used as input for during the minimization to replicate calcium ligation and domaindomain packing interactions in the fib32-33 pair. ab initio simulated annealing from an extended template structure with ideal covalent geometry, using the program X-PLOR v3.1 (Brü nger, 1992) . NOE derived constraints were implemented using Acknowledgments SUM averaging, so no pseudoatom corrections were applied. Ambiguous crosspeaks were treated as described by Nilges (1995) . The
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